Previous work in our laboratory showed that the ESAT-6 protein of Mycobacterium tuberculosis and Mycobacterium bovis induces strong antibody responses in a large proportion (ϳ90%) of experimentally or naturally infected nonhuman primates. Here, the antibody response to ESAT-6 in tuberculous monkeys was characterized at the epitope level by measuring antibodies to overlapping, synthetic peptides spanning the ESAT-6 sequence. The antibody response against the COOH-terminal portion of the protein was the strongest in both experimentally and naturally infected animals. Moreover, these antibodies became detectable the earliest during experimental infection, suggesting an ordered expansion of ESAT-6-specific B-cell clones in the course of infection. The data support use of synthetic peptides in lieu of the full-length ESAT-6 protein in diagnostic antibody detection assays.
Tuberculosis (TB) not only is one of the human plagues but also affects a variety of animals, with great consequences to wildlife, agriculture, and zoo keeping (4, 9, 10) . Moreover, TB in captive nonhuman primates greatly affects research endeavors. Outbreaks of TB in research monkey colonies, even when only suspected, are economically costly. The losses are caused not only by the elevated costs of animal losses but also by the expenses associated with disrupted research, lost time, and sometimes delayed release of new products into the market. As a result, strict control guidelines have been implemented (2) . However, effective TB control requires accurate diagnostic methods, and the current method for diagnosing TB in living nonhuman primates, i.e., the tuberculin skin test, has limitations (8) . A new method, which is based on detection of gamma interferon in whole blood (5) , is still being evaluated. Thus, we have begun to characterize the antibody response to Mycobacterium tuberculosis antigens to evaluate the prospect of serologic methods for the diagnosis of TB in monkeys.
In previous work members of our group showed that 6-kDa early secretory antigenic target (ESAT-6), a low-molecularweight protein secreted by virulent M. tuberculosis and Mycobacterium bovis (6, 12) , induced strong antibody responses in Ͼ90% of experimentally infected monkeys (1) . An outbreak of M. bovis infection in a nonhuman primate research facility provided the opportunity to characterize the antibody response to ESAT-6 in naturally infected macaques. We found that almost 90% of the animals exhibiting TB lesions at necropsy had anti-ESAT-6 immunoglobulin G (IgG) antibody (7) . These studies strongly imply that an antibody detection assay utilizing ESAT-6 has a place in the diagnosis of TB in nonhuman primates. The present study was conducted to further characterize the IgG antibody response to ESAT-6 at the epitope level in experimentally infected and naturally infected nonhuman primates.
Three groups of nonhuman primates were included in the study. The first comprised 11 animals (4 cynomolgus macaques, 5 rhesus macaques, and 2 African Green monkeys) infected experimentally with 100 CFU of M. tuberculosis Erdman by the intratracheal route (1). Rhesus and African Green monkeys were obtained from closed breeding colonies; cynomolgus monkeys were feral, of Mauritian origin. Experimental infection was conducted using biosafety level 3 operating procedures and policies in a biosafety level 3 facility with approval of and oversight by the Institutional Environmental Health and Safety Office. TB was confirmed at necropsy by histopathology of major organs, acid-fast or fluorescent staining of infected tissue, culture methods, and bacterial nucleic acid amplification, as previously described (1) . A second group of animals included 15 naturally infected monkeys (12 cynomolgus macaques and 3 rhesus macaques). Adult male, feral cynomolgus macaques of Mauritian origin and adult male and female rhesus macaques were housed in animal holding facilities at Stanford University, which is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. These animals, which became infected with M. bovis during an outbreak of TB in the animal facility, were confirmed to have TB at necropsy by histopathology of major organs and acid-fast staining of infected tissue (7). The infectious agent, which was isolated from characteristic lesions, was identified as M. bovis on the basis of standard methods (genotyping with the inser-FIG. 2. Profiles of serum IgG antibody to ESAT-6 protein and ESAT-6-derived peptides in one rhesus macaque (A) and one cynomolgus macaque (B). IgG antibody against ESAT-6 protein and eight ESAT-6-derived, overlapping peptides (P1 to P8; see Fig. 1 ) was measured by ELISA in serum samples collected serially at times postinfection, as indicated. For coating of microtiter plates, recombinant protein or synthetic peptides were used at a concentration of 1.0 g/ml (200 l/well). ELISA was performed as previously described (1, 11) . Data from two representative animals are shown, one animal per panel. Open symbols are used for antibody reactivity to peptides spanning the NH 2 -terminal half of ESAT-6; solid symbols correspond to peptides spanning the COOH-terminal half of the protein. Sera were collected serially from experimentally infected animals over the course of infection. The number of serial sera ranged from 5 to 17 per animal. Only one serum sample was available from naturally infected animals. The ESAT-6 protein of M. tuberculosis was expressed as a polyhistidine-tagged fusion product in Escherichia coli and purified to near-homogeneity as previously described (3). Eight overlapping peptides (P1 to P8) spanning the full-length protein were also used. Peptides were synthesized as 24-mers (except P1, which was a 20-mer) with a sequence overlap of 14 amino acid residues (Fig. 1) .
We first evaluated by enzyme-linked immunosorbent assay (ELISA) reactivities to ESAT-6-derived peptides by sera serially collected from 11 experimentally infected animals. Representative antibody profiles obtained with two animals are shown in Fig. 2 . Sera from different animals reacted with different numbers of peptides (three to eight peptides) (data not shown). Despite this heterogeneous recognition, it was apparent that the COOH-terminal half of the ESAT-6 protein reacted with sera from most animals (Fig. 3, solid bars) . The P8 peptide, which contains the most COOH-terminal sequences of ESAT-6, was recognized by sera from 10 of 11 animals that reacted with the full-length protein. The second-most-reactive peptide was P5, which is also located in the COOH-terminal half of the protein. The least-reactive peptide was P1 (only 3 reactors out of 11), which included the most NH 2 -terminal ESAT-6 sequences. Similar results were obtained from tests of serial sera from 13 cynomolgus macaques infected with a lower dose of M. tuberculosis (ϳ25 CFU): all animals tested reacted with the P8 peptide, while only three reacted with the P1 peptide (data not shown).
The COOH-terminal sequences of ESAT-6 were recognized earliest in infection (Fig. 3, open bars) . terminal half of ESAT-6 occurred 2 weeks to 3 months later. The P1 peptide was typically recognized last. We next tested ESAT-6-reactive sera from 20 nonhuman primates naturally infected with tuberculous mycobacteria. The levels of antibodies to the COOH-terminal half of ESAT-6 (P5 through P8 peptides) were higher than those of the antibodies directed against the P1-P4 region of ESAT-6 (Fig. 4A) . Differences in mean optical densities at 450 nm (OD 450 s) were statistically significant between groups (mean OD 450 ϭ 0.4 [95% confidence interval: 0.175 to 0.625] for peptides P1 through P4; mean OD 450 ϭ 1.67 [95% confidence interval: 1.414 to 1.933] for P5, P6, and P8 peptides; P Ͻ 0.0001). Moreover, a greater number of sera reacted with the COOHterminal half (peptides P5 to P8) than with the NH 2 -terminal half (peptides P1 to P4) of the protein (Fig. 4B) . All sera reacted with peptides P5 and P8 together (data not shown).
The data reported here clearly indicate that the ESAT-6 antigen of M. tuberculosis and M. bovis contains multiple B-cell epitopes and that antibodies produced by nonhuman primates predominantly react with sequences in the COOH-terminal half of the protein. Moreover, antibodies against the COOHterminal peptides become detectable earlier in infection than those generated against the NH 2 -terminal half of the protein. These data strongly suggest an ordered expansion of epitopespecific B-cell clones during the course of tuberculous infection of nonhuman primates. Since the serodominance of COOH-terminal peptides was observed also with sera from naturally infected monkeys, it appears likely that recent infection should be associated with failure to seroreact with the NH 2 -terminal epitopes of ESAT-6.
We have previously shown that almost 90% of animals diagnosed at necropsy as having TB had serum IgG antibody against ESAT-6 (7). In relation to developing an ESAT-6-based serodiagnostic test for TB in monkeys, the observation that all ESAT-6-positive sera reacted to P5 plus P8 peptides makes it possible to consider use of synthetic peptides in lieu of full-length protein in order to reduce the costs of test manufacturing.
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